Two-dimensional graphene and complex-oxide interfaces possess properties that are of tremendous interest for fundamental science and future applications. Single-layer graphene (SLG) is a twodimensional (2D) material with celebrated properties.
1-5 The quasi-two-dimensional interface between two insulating perovskite oxide semiconductors, LaAlO 3 (LAO) and TiO 2 -terminated SrTiO 3 (STO), has also attracted intense interest in recent years 6 due to its unique electric-field-tunable properties, including conductivity, 7, 8 superconductivity, 9,10 magnetism, [11] [12] [13] [14] [15] and spin-orbit coupling. 16, 17 Recent reports have demonstrated that a variety of surface perturbations on LaAlO 3 /SrTiO 3 (LAO/STO), including polar adsorbates, 18 metal layers, 19 metallic nanoparticles, 20 and other oxide layers, 21, 22 can modulate the conductance at the interfacial two-dimensional electron gas (2DEG) between LAO/STO, indicating strong sensitivity of the conducting interface to the surface environment.
One unique property of LAO/STO heterostructures is the existence of a sharp metal-insulator transition (MIT) at a critical thickness 8 of approximately four unit cells of LAO. If the LAO layer is maintained to be slightly less than this critical thickness (∼3 unit cells), the interface can be locally and reversibly switched between the conductive and insulating states using a conductive atomic force microscope (c-AFM) lithography technique. 23, 24 Details of this procedure are described elsewhere. 25 This c-AFM lithography approach produces a wide range of nanodevices including field-effect transistors, 24, 26 photodetectors, 27 terahertz emitters and detectors, 28 nanoscale rectifying junctions, 29 and single-electron transistors. 30 The rich properties of both SLG and LAO/STO motivate efforts to create functional hybrid materials that combine the properties of both systems. Graphene has already been integrated with complex oxides 31 plasmonic devices. 33 Proximal coupling of graphene with LAO/STO heterostructures has the potential to create new functionality in each layer due to the small separation between the two layers (less than 2 nm for 3 unit cell LAO). Novel correlations are expected to develop between the coupled layers, possibly observable through transport. In addition, the unusual magnetic and superconducting properties of LAO/STO may interact in new and unexpected ways with the nearby graphene layer. Many practical devices may also be enabled by functional integration of these two materials. For example, LAO/STO interface can potentially serve as an ac ground plane capable of tuning the electrical properties of graphene and potentially reach a quantum-pressure driven regime of 2D plasmonic circuits 34 with potential applications in biosensing, large-molecule spectroscopy, and precision modulation.
LAO/STO heterostructures are fabricated by pulsed laser deposition. Approximately, 3 unit cells of LAO are grown on TiO 2 -terminated STO (100) substrates, and in situ high pressure reflection high energy electron diffraction (RHEED) is used to control the LAO thickness. Details of the growth conditions and electrical contacting to the LAO/STO interface are described elsewhere. 35, 36 SLG layers are deposited by mechanical exfoliation. After exfoliation, multi-layer and single layer graphenes are distributed on the 5 mm × 5 mm LAO surface. Figure 1 (a) shows an optical micrograph of an area containing SLG. The four corners of the image are electrical contacts to the LAO/STO interface. Unlike graphene on SiO 2 , graphene exfoliated on LAO/STO is barely visible under an optical microscope, and it is not possible to distinguish single-layer graphene from multi-layer graphene. Raman microscopy is used to identify SLG candidates by recording the characteristic G and 2D peaks ( Fig. 1(b) ). Once an area containing SLG is identified, the region is subsequently imaged using non-contact mode AFM ( Fig. 1(c) ) prior to c-AFM lithography. The height of SLG on LAO/STO is measured to be 0.6 nm from the AFM images, which is generally consistent with AFM results reported by other groups. 1, 37 C-AFM lithography is performed on the SLG/LAO/STO structures. "Virtual electrodes" 23 are created using a tip voltage V tip = 15 V to form robust electrical contact to the oxide interface, followed by a straight line from one electrode to another (V tip = 15 V, tip speed ν tip = 1000 nm/s) and intersecting the electrically isolated SLG region ( Fig. 2(a) ). All of the lithography procedures described in this paper are performed under ambient environmental conditions with a highly doped Si tip (spring constant k = 3 N/m). When the positively biased tip reaches the second electrode, the conductance abruptly increases (Fig. 2(b) ), indicating that the c-AFM written area that overlaps the SLG is conductive. After writing, the nanowire is "cut" over the SLG region by applying a negative voltage to the tip (V tip = −15 V) and slowly traversing the nanowire (ν tip = 10 nm/s) (Fig. 2(c) ). As the tip passes over the nanowire, the conductance drops sharply to zero (Fig. 2(d) ). By fitting the conductance profile, 23 an estimate for the nanowire width w = 18 nm is obtained. The conductance increase (∼75 nS), non-exponential decay after writing, and estimated wire width are comparable to the results of c-AFM lithography on regular LAO/STO that does not contain graphene. lithography with V tip = 15 V is also performed on multilayer graphene (∼4 nm thickness) covered area ( Fig. 2(e) ); however, no conductance jump (Fig. 2(f) ) is observed. One potential concern is that the c-AFM lithography may damage or chemically modify the graphene layer. To address this question, Raman spectroscopy is performed over regions that have been exposed to c-AFM lithography and compared with unexposed regions. The excitation laser (wavelength λ = 633 nm) is focused using a lens with numerical aperture N A = 1.4 to a spot size of d ≈ 550 nm. The focused laser spot is scanned across the graphene region (Figure 3(a) ). The step size between adjacent scans is 200 nm. Graphene and STO share spectral features in the range of 1200-1800 cm −1 , 39 so subtraction from a region not containing graphene is required (Fig. 3(b) ). A Lorentzian fit is performed to retrieve the peak position. A clear G peak at 1580 cm −1 and 2D peak with much stronger intensity at 2630 cm −1 is observed with no discernable D peak, supporting the claim that the SLG on LAO/STO is not measurably damaged by c-AFM lithography. Fig. 2(c) shows a sequence of Raman spectra taken over the path illustrated in Fig. 3(a) . The G and 2D peak intensities decrease and eventually become zero as the laser spot moves out of the graphene layer. The spectra taken over the c-AFM exposed and unexposed areas are indistinguishable, and neither shows a measurable D peak, which is a sensitive measure for alteration of sp2 carbon bonding.
Although mechanical exfoliation is a simple way to transfer high-mobility SLG onto LAO/STO, there are many limitations to this approach. SLG on LAO/STO lacks optical contrast, forcing the use of time-consuming Raman mapping to identify suitable regions. To overcome these limitations, mm-scale SLG is grown by chemical vapor deposition (CVD) on ultraflat Cu substrates 40, 41 and subsequently, transferred onto pre-patterned LAO/STO "canvases." Photolithography and oxygen plasma cleaning are used to selectively remove unwanted graphene; the remaining graphene is aligned with LAO/STO canvases with gold electrodes that independently contact the graphene on the surface and the LAO/STO interface. Representative Raman spectra data when the laser spot overlaps the wire previously created by c-AFM lithography (c) Raman spectra at different positions along the path "X" (indicated in Fig. 3(a) ). The red arrow points out the representative data shown in Fig. 3(b) .
C-AFM lithography performed on CVD SLG/LAO/STO shows that nanoscale control of the MIT through the SLG region can be performed in a manner similar to mechanically exfoliated SLG. Fig. 4(a) shows a region of a LAO/STO canvas that contains CVD-grown SLG. Unlike the experiments performed on exfoliated graphene, here, the graphene is electrically connected to an Au electrode. The two-terminal conductance, tip voltage, and graphene gate voltage are recorded as a function of time during the entire lithography procedure (Figure 4(b) ). While writing the wire, the c-AFM tip is positively biased (V tip = 20 V) and the graphene is grounded (V g = 0 V). A conductance jump is observed when the wire path is finished. After writing, the graphene is kept grounded (V g = 0 V) and the tip is held at V tip = −15 V to cut the wire on graphene ("cut 1"). The conductance drops to zero as the tip crosses the written nanowire. Afterwards, tip voltage is kept at 0 (V tip = 0 V), and increasingly, positive gate voltages are applied to the graphene (V g = 2 V, 5 V, 8 V). The two-terminal conductance shows a discrete jump associated with the graphene voltage steps, demonstrating that the LAO/STO nanowire junction conductance can be modulated using the SLG top gate. At the end of the experiment, the nanowire circuit is cut ("cut 2," outside the graphene region), verifying that the conductance measured is taking place through the nanowire and not a distinct parallel path. Fig. 4(c) shows the channel conductance of a similar nanowire device written over the same canvas only after cutting on the graphene region (similar to "cut 1"). The two-terminal conductance of the graphene/complex oxide field effect transistor (GCO-FET) channel as a function of graphene gate voltage shows a "turn-on" near V g = 6 V (Figure 4(c) inset) . The observation that the subsequent gate sweeps do not overlap reflects the time-dependent decay of the conductance of the LAO/STO nanowires.
In summary, it has been demonstrated that the metal-insulator transition of LAO/STO heterostructures can be controlled by c-AFM lithography in the presence of exfoliated or CVD-grown SLG. These hybrid materials are expected to produce a variety of novel phenomena owing to the rich behavior of each constituent system and the nanoscale control over the complex-oxide properties. Novel correlations, tunable THz plasmonic properties, and superconducting proximity effects are just a few of the possible new directions which are enabled by graphene/LAO/STO heterostructures. This work is supported by ONR GCO N00014-13-1-0806 (C.B.E., P.K., and J.L.) and the National Science Foundation Nos. DMR-1234096 (C.B.E.) and DMR-1104191 (J.L.).
